The identification of subterranean species at risk and the development of management strategies face a host of challenges such as inaccessible habitat, a lack of basic ecological information, and, in the case of aquatic species termed stygobionts, groundwater contamination and withdrawal. In light of these challenges, genetic data may inform management and conservation decisions. We present here results from an analysis of population structure of the stygobiont, Antrolana lira, from nine geographic locations spanning two-thirds of the species' entire range in the Shenandoah Valley of Virginia and West Virginia. A 658 bp fragment of DNA coding for the cytochrome oxidase c subunit I (COI) gene was sequenced from 70 individuals, yielding 14 haplotypes. Phylogenetic analysis of the 14 haplotypes showed the presence of three distinct clades which corresponded to three geographic groups. Divergence levels among sequences within sites and among sites within clades was low (uncorrected ''p'' 5 0.00 to 0.42%), but were much higher among sequences between clades (uncorrected ''p'' 5 9.53 to 11.24%). AMOVA corroborated these findings, partitioning over 99% of the sequence variation to differences among clades. The genetic structure of A. lira clades seemed to largely mirror the geologic structure of the area, with potential subterranean hydrologic barriers separating the clades. Geographic populations within each clade likely constituted only one or two demes. We suggest that these clades remain at risk from anthropogenic disturbances such as urban development, and propose that each of the clades be considered a distinct management unit in order to preserve the total genetic diversity for the species.
INTRODUCTION
In the United States, there is growing awareness of a need for protection of invertebrates dwelling in subterranean habitats, such as caves and groundwater aquifers. This trend is partially driven by the continuing discovery of new species and an increasing literature on the vulnerability of these species (Lewis et al., 2003; Fong et al., 2007; Culver and Pipan, 2009) . The common assumption is that many characteristics of most subterranean invertebrates, such as limited geographic range (Barr and Holsinger, 1985; Christman et al., 2005 ; but see Buhay and Crandall, 2005) , poor vagility (Verovnik et al., 2004; Holsinger, 2005) and low reproductive potential, long life span and small population size (Culver et al., 1995) increase the vulnerability of these taxa to anthropogenic disturbance. Potential threats to subterranean invertebrates are loss and modification of their habitat, including the surface environment that is their primary source of water and nutrients, groundwater contamination, and groundwater draw down (Elliott, 2000) . Culver et al. (2000) counted over 20 subterranean invertebrate species in the U.S. as federally threatened or endangered and about 600 species as critically imperiled, and the numbers are likely much higher now.
The identification of subterranean species at risk and the development of effective strategies for their management face a host of unique challenges. First, subterranean habitats are largely inaccessible. Caves and wells represent restricted portholes from which we peer into potentially vast expanses of unreachable habitat. As a consequence, the geographic ranges and the potential of these species to migrate among locations are poorly known. Furthermore, the basic ecology and life history of most subterranean species are unknown because access to their habitat is often technically challenging, and especially because their lengthy life span and low population density render ecological studies difficult. Additional problems arise concerning aquatic subterranean species, termed stygobionts, because of conflict between management strategies and increasing demand for ground water from expanding urban and agricultural development. Given this suite of challenges, analysis of genetic data can provide useful information for decisions on management and conservation of subterranean organisms (DeSalle and Amato, 2004) . At the very least, genetic data may inform on basic issues such as degree of relatedness among individuals from different localities, effective population size, and existence of unique genotypes. Genetic data may also inform on the taxonomic status of a species and allow for improved conservation efforts (Paquin and Hedin, 2004; Paquin et al., 2008) .
In this paper, we present results from a molecular analysis of genetic population structure of a federally threatened stygobiont, the Madison Cave Isopod, Antrolana lira Bowman, 1964 , and discuss the implication of our results for its management. The species is endemic to the phreatic zone (below the water table) of groundwater aquifers underlying the Shenandoah Valley of Virginia and JOURNAL OF CRUSTACEAN BIOLOGY, 30(2): 312-322, 2010 West Virginia, U.S.A. (U.S. Fish and Wildlife Service, 1996) . It belongs in Cirolanidae, which consists mostly of marine species. All freshwater cirolanid species are stygobionts inhabiting the ground water near edges of continents that were once inundated by the sea, indicating that they are marine relics (Botosaneanu et al., 1986; Barrati et al., 2004) . Antrolana is a monotypic genus and A. lira is the only stygobiotic cirolanid found in the midAtlantic region of the USA, all other stygobiotic cirolanids of North America occur in Texas and Mexico along the Gulf of Mexico (Botosaneanu et al., 1986) . The species was first described from specimens obtained at two sites less than 100 m apart: Madison Saltpetre Cave and Steger's Fissure (Bowman, 1964) . Until 1990, the species was known only from the type locality. Partially because of its uniqueness and its extreme endemism, A. lira was listed as a federally threatened species in 1982 under the U.S. Endangered Species Act.
Currently, A. lira is known from 19 caves and wells, spanning a range 220 km long and less than 40 km wide ( Fig. 1; Holsinger et al., 1994; Orndorff and Hobson, 2007;  and collections by the authors). Although A. lira occupies a substantially larger range now than when it was first listed, it faces many threats. Ground water in the Shenandoah Valley is at risk of contamination from surface inputs (Nelms and Harlow, 2003) , especially from forms of agriculture such as high density poultry operations (Rice et al., 2004) . The residence time of the ground water that A. lira inhabits can be up to several decades, increasing the likelihood of accumulation of contaminants. In addition, increased urbanization, primarily in the northern extent of its range, will increase the risk of pollution and the demand for groundwater withdrawal. Furthermore, no ovigerous female of A. lira was ever collected, suggesting the species has low reproductive potential and limited ability to recover from population decline. Fig. 1 . Map of study area. Circles mark sites included in this study. Triangles mark sites where A. lira are know to occur but were not included in this study. Limekiln Cave is the southern-most known occurrence of A. lira. The study sites are, from north to south, CTW: Cam Tabb Well; GWC: George Washington Cave, IKW: Irving King Well; BDC: Brother Dave's Cave; PPP: Power Plant Pit; 3DC: 3-D Maze Cave; LQC: Linville Quarry Cave; MSC: Madison Saltpetre Cave; STF: Steger's Fissure. Two pairs of sites, BDC-PPP and MSC-STF, are too close to be distinguishable at the map scale. Ellipses enclose sites separated into northern, western and southern groups based on geographic distribution of haplotypes (see Table 1 ) and clades based on phylogenetic inference (see Figure 2 ). Exposed carbonate rocks are marked in gray, and are split into a western band and an eastern band by the Martinsburg Shale.
The expanded range of A. lira raises the question of how many genetically isolated populations of the species exist in the ground water underneath the Shenandoah Valley. All of the 19 sites where it has been found are caves and wells developed in soluble sedimentary limestone. The highly folded and faulted rock layers of the Shenandoah Valley and the presence of non-soluble strata (Hubbard, 1983) indicate potential barriers to free movement of A. lira throughout its range, and subterranean cirolanids generally show poor dispersal ability (Boutin and Coineau, 2000) . If we use the terms geographic population to refer to individuals occurring in a single site and deme to refer to individuals capable of gene exchange, then certainly the 19 geographic populations do not belong to one deme sharing one panmictic gene pool, but are also unlikely to belong to 19 different demes each with an isolated gene pool because individuals from geographically proximate sites may belong to the same deme. Recent data from molecular studies reveal that many subterranean species with extensive range are each comprised of multiple, genetically divergent populations or cryptic taxa (Lefébure et al., 2006a, b; Buhay and Crandall, 2009; Trontelj et al., 2009; Zakšek et al., 2009 ). The prevalence of genetically isolated populations requires shifting the focus of management of such species to below the species level. Indeed, the first task identified in the recovery plan for A. lira is to elucidate its genetic population structure (U.S. Fish and Wildlife Service, 1996) . This task is the main focus of this study.
MATERIALS AND METHODS
We collected specimens of A. lira between February, 2006 and January, 2007, under Virginia permit number 028978 and West Virginia permit number 2006.120. The permits restricted us to a maximum of 10 specimens per site at 10 sites. We chose sites to span the species' known range but were constrained by permission from landowners. Specimens were collected by hand or using baited traps. Traps were constructed using 125 ml plastic wide-mouth jars with several 8 mm diameter holes drilled into the caps, baited with a small piece of raw shrimp, and suspended in the water column for 2 to 24 h. All specimens were preserved immediately in 95%-100% ethanol.
Total genomic DNA was extracted from the right pereiopods of each specimen using DNeasy Tissue Kits (QIAGEN). The ''Purification of Total DNA from Animal Tissues'' protocol was modified as follows:
Step 1: 150 ml ATL + 30 ml phosphate buffered saline (pH 7.2) was used in place of 180 ml ATL; Step 8: 100 ml buffer AE was allowed to sit on the DNeasy membrane for ten minutes, and this step was not repeated. Extracted DNA was stored at 220uC.
A segment of DNA coding for the cytochrome oxidase c subunit I (COI) gene was amplified using the universal Folmer primers LCO1490 and HCO2198 (Folmer et al., 1994) each at a final concentration of 0.2 mM. To facilitate bi-directional, direct sequencing of PCR products, the tailed primers M13R for LCO1490 and T7 for HCO2198 were used. Amplification reactions (25 ml) were performed using PuReTaq ReadyTo-Go PCR beads (Amersham Biosciences) in a Mastercycler personal 5332 thermocycler (Eppendorf) with the following profile: initial denaturation at 95uC for two minutes, 40 cycles of 95uC for one minute, 45uC for one minute and 72uC for one minute, and an elongation cycle at 72uC for seven minutes. PCR products were purified using QIAquick gel extraction columns (QIAGEN), yielding final concentrations of 20 to 40 ng/ml.
Sequencing reactions (8.5 ml) were conducted using Thermo Sequenase Cycle Sequencing Kits (United States Biochemical) with sequencing primers M13R/IRD800 and T7/IRD700, and 37.5 ng to 45 ng of template in a Mastercycle gradient thermocycler (Eppendorf) with the following profile: initial denaturation at 92uC for two minutes followed by 30 cycles of 92uC for 30 seconds, 52.5uC for 30 seconds, and 70uC for one minute.
After the sequencing reaction, 1.3 ml stop dye was added and the mix was denatured at 92uC for 10 min. Products of the sequencing reactions were loaded onto 41 cm 5.5% acrylamide gels and analyzed using a Li-COR Model 4300 DNA Analyzer (Li-COR). Sequences were read using eSeq TM DNA Sequencing Software v3.0 (LI-COR) and aligned using AlignIR V2.0 (LI-COR) or by eye.
We searched for homologs to two different A. lira sequences with the program BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi). A scatterplot of transitions versus transversions was visually examined for evidence of saturation. A x 2 test was performed to test for homogeneity of average base frequencies among sites using PAUP* v4.0 beta (Swofford, 2002 ). Tajima's D scores were calculated using Arlequin v3.0 (Excoffier et al., 2005) to test for selective neutrality.
Neighbor-joining (NJ), maximum parsimony (MP), and maximum likelihood (ML) trees of the haplotypes identified were constructed with PAUP* v4.0 beta using two COI sequences from the stygobiotic cirolanid isopod, Cirolanides texensis Benedict, 1896, from the Edwards Aquifer in Texas as an outgroup (Genbank accession numbers AY566500 and AY566506). Cirolanides was chosen as the out-group for the following reasons: Bowman (1964) considered Cirolanides to be closest to Antrolana among the genera of stygobiotic cirolanids, Cirolanides COI sequences were available from Genbank, no epigean freshwater cirolanid existed, and the affinity of Antrolana to any marine cirolanid below the family level was unknown. The NJ tree was constructed using uncorrected nucleotide sequence divergences and branch support was calculated with bootstrap analysis of 10,000 replicates. Heuristic searches under the maximum-parsimony (MP) criteria were conducted using the branch-swapping algorithm, tree-bisection-reconnection (TBR) and a simple addition sequence. Branch support for the MP tree was calculated with 10,000 bootstrap replicates. Heuristic searches were also conducted using maximum-likelihood (ML) criteria under a General Time Reversible model of nucleotide substitution (GTR + I + C). Rates of nucleotide substitution, proportion of invariable sites, base frequencies, and the gamma shape parameter a were estimated simultaneously. Bootstrap analysis (1000 replicates) under the ML criterion was conducted using fixed parameter values obtained from the ML tree. A two-tailed Kishino-Hasegawa test (Kishino and Hasegawa, 1989 ) was used to test for significant differences in the likelihood scores of alternative tree topologies revealed by the MP and ML methods. An analysis of molecular variance (AMOVA) was performed using Arlequin to partition the genetic variation within and among sites and within and among clades identified by phylogenetic analyses. Significance of the variances partitioned to sites and clades were tested by 10,000 permutations of the dataset. During each permutation sequences were randomly assigned to sites and a separate AMOVA was performed. Significance was determined by the proportion of the randomly permuted datasets that produced results matching or exceeding the result from the actual dataset.
Divergence times were estimated for deep cladogenetic events identified by phylogenetic analyses. Estimates were generated using BEAST v1.4.1 (Drumond and Rambaut, 2003) assuming a strict molecular clock and a Bayesian skyline model of population growth (Drumond et al., 2006) . Divergence times were estimated using three substitution rates from the literature: 2% per lineage per myr for snapping shrimp COI from Knowlton et al. (1993) and Knowlton and Weight (1998) ; 1.25% for a stygobiotic stenasellid isopod COI from Ketmaier et al. (2003) , and 0.55% for the same system from Lefébure et al. (2006b) . Input files for BEAST v1.4 were generated using BEAUti v1.4 (Drumond and Rumbaut, 2003) . A Markov Chain Monte Carlo (MCMC) algorithm was employed to sample trees and model parameters (Larget and Simon, 1999) . MCMC analyses 10 7 steps long were sampled every 1000 th or 2000 th generation after a burn-in of 10 5 generations. Two independent MCMC analyses were combined and analyzed in Tracer v1.3 (Drummond and Rambaut, 2003) . MCMC analyses were examined in Tracer for adequate effective sample sizes and adequate mixing. Buhay (2009) recently showed that COI sequences may be contaminated with nuclear copies of mitochondrial genes, pseudogenes termed numts. To check for numts in our sequences, we analyzed the variation in the translated amino acids from our sequences. The existence of numts was expected to be manifested as any one or all of the following results: sequences with premature termination codons (PTCs), the presence of indels, sequences with an unusually large number of non-conservative amino acid substitutions, and high levels of intraspecific amino acid divergence for COI sequences.
RESULTS
We captured A. lira specimens from nine sites spanning 146 km, covering about two-thirds of its range ( Fig. 1 and Table 1 ). Population density at most sites was low, and multiple visits to accumulate specimens yielded fewer than the permitted maximum of 10 for most sites. Sample sizes ranged from three from Brother Dave's Cave to 10 from 3-D Maze Cave and Madison Saltpetre Cave. Repeated visits to a tenth, southern-most site, Limekiln Cave, yielded no specimen (only one specimen has ever been collected from there previously).
We obtained a 658 bp COI sequence from 70 individuals from the nine sites, yielding 14 haplotypes (Table 1) . Sequences were deposited in GenBank under accession numbers EF670465-78. None of the sequences contained insertions, deletions, or ambiguities. There was no significant difference in base frequencies among haplotypes from different sites at all codon positions (x 2 5 30.96, d.f. 5 207, P 5 1.00) or at the third codon position (x 2 5 25.51, d.f. 5 39, P 5 0.95). There was no significant deviation from neutrality at any site (Tajima's D 5 21.006-1.167; P 5 0.23-1.00). Visual examination of transitions plotted against transversions (not shown) indicated no evidence of saturation. Sequences entered in BLAST exhibited 76% and 77% alignment identity (E 5 4e
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, 4e 2100 ) with C. texensis COI (GenBank accession number AY566500). However, C. texensis differed significantly from A. lira in base composition at the third codon position (x 2 5 63.10, d.f. 5 45, P 5 0.038).
The 14 haplotypes divided geographically into three groups of sites, named the northern, southern and western groups, with some haplotypes shared among sites within groups but no haplotype shared among groups (Table 1) . Five haplotypes were restricted to five sites in the northern group (designated N1 to N5), five haplotypes were restricted to two sites in the western group (W1 to W5), and four haplotypes were restricted to two sites in the southern group (S1 to S4) ( Table 1 and Fig. 1 ). Although the two sites in the western group (3-D Maze Cave and Linville Quarry Cave) did not share haplotypes, the low divergence of these haplotypes (see below) and the proximity of the two sites justified their inclusion in the same geographic group. Haplotype N1 was the most widespread, occurring in four sites. Four haplotypes, N2, N4, S1 and S3 were each found in two sites. The nine other haplotypes were each confined to single sites. Phylogenetic analyses of the haplotypes using NJ, MP, and ML tree searches all indicated the presence of the three highly divergent clades, and these three clades matched exactly to the northern, western and southern geographic groups of sites identified above. NJ and MP analyses yielded the same tree, whereas the ML tree differed from the NJ/MP tree with respect to the relationships among the three clades (Fig. 2) . The ML tree showed that northern and western clades were more closely related to each other than either was to the southern clade with weak bootstrap support (51%), whereas the NJ/MP tree showed that the western and southern clades were more closely related to each other than either was to the northern clade with moderate bootstrap support (81% and 84% for NJ and MP analysis, respectively). However, a 2-tailed KishinoHasegawa test revealed no significant difference (P 5 0.99) between the likelihood score for the NJ/MP tree (22127.3446) and the likelihood score for the ML tree (22127.2110). In any case, there was strong support for the monophyly of each of the three clades, with 100% bootstrap support for each in both NJ and MP analysis. ML analysis of 1000 bootstrapped data sets supported monophyly of the northern, western, and southern clades with 91%, 98%, and 94% support, respectively.
There was little to no difference among sequences within sites: average percentage sequence divergences based on uncorrected ''p'' distances ranged from zero (for the two sites that were each fixed for a single haplotype) to 0.42 in Linville Quarry Cave (Table 2) . Divergence values were not higher among sites within clades, and ranged from 0.13 to 0.37, but were near an order of magnitude higher between clades, from 9.53 to 11.24. The between clade divergence values were similar in magnitude to the divergence value of 12.20 between the two sequences of C. texensis obtained from GenBank, and were about half the divergence values between clades of A. lira and C. texensis (22.91 to 23.42) . Divergence values based on corrected GTR + I + C distances showed the same pattern N1  N2  N3  N4  N5  W1  W2  W3  W4  W5  S1  S2  S3  S4 C
and are not given here. This pattern of high divergence of sequences among clades but little to no divergence within clades and within sites was corroborated by the AMOVA results, which partitioned over 99% of the sequence variation to differences among clades and less than 0.4% each to differences within sites and among sites within clades (Table 3) . As expected, the use of different substitution rates resulted in a broad range of divergence time estimates and 95% confidence intervals (Table 4) . From the lowest to highest values of the 95% confidence intervals, the divergence times among the three clades of A. lira ranged from about 3 to 21 mya, and the divergence times between A. lira and C. texensis ranged from about 13 to 102 mya.
Analysis of translated amino acids showed that 213 of the 219 sites were constant. Of the six variable sites, two were each unique to one haplotype (57: Val to Met in haplotype S1; 130: Ala to Thr in S4), and four were shared among several haplotypes (106:A to V in the entire western clade; 118: S to V in the entire western clade; 165:V to M in the entire southern clade; 169: V to I in the entire southern clade). The overall level of amino acid divergence was 1.1%, with 0% divergence within the northern and western clades and 0.46% within the southern clade. The average between clade divergences were: 1.37% northern vs. western, 1.14% northern vs. southern, and 2.05% western vs. southern. Furthermore, the few observed differences in the amino acid sequences involved conservative substitutions, and no PTCs or indels were observed. Thus it is reasonable to conclude that none of the sequences in our alignment represent numts. Table 1 (for example, the N1 haplotype was obtained from a total of 17 individuals in the four sites forming the northern geographic group). The tree on the left was obtained from both neighbor-joining (NJ) on uncorrected distances and maximum parsimony (MP) analyses. Values above and below the nodes indicate % bootstrap support (1000 replicates) in the NJ and MP tree searches, respectively. The boxed numbers show the branch lengths in steps on the MP tree. The tree on the right was obtained from maximumlikelihood (ML) analysis using the GTR + I + C model of nucleotide substitution, with values above nodes indicating % bootstrap support (1000 replicates). Two COI sequences from the stygobiotic isopod C. texensis (C. tex), from the Edwards Aquifer in Texas, were used as an outgroup in phylogenetic analysis of the haplotypes, and inclusion of alternate outgroup sequences (not shown) had no impact on the ingroup tree topology.
DISCUSSION
The existence of three genetically distinct clades of A. lira corresponding to three geographic groups of sites is well supported by results from this study. First, no haplotype was shared among sites across geographic groups, while some haplotypes were shared among sites within groups. Second, geographic groups formed distinct clades in phylogenetic analyses. Finally, AMOVA results attributed over 99% of the total genetic variation to the among clades component.
Existence of the three clades and the very low divergence among sequences within a clade suggest that A. lira exists as three different isolated demes, with different geographic populations within each clade forming one deme. This is clearly the case within the southern clade, consisting of the Madison Saltpetre Cave and Steger's Fissure geographic populations. These two sites are only 100 m apart, 17 of the 19 individuals between the two sites shared two of the four haplotypes, and two individuals marked in Steger's Fissure were recaptured in Madison Cave (Fong, in prep) . This may not be the case, however, for the two geographic populations that constitute the western clade, from 3-D Maze and Linville Quarry caves. Although the two sites are only 400 m apart and the average sequence divergence among individuals within the clade was only 0.37%, the 16 individuals from the two sites shared none of the five haplotypes, with all ten individuals from 3-D Maze Cave fixed for haplotype W1, while four haplotypes occurred among the six individuals from Linville Quarry Cave. Fixation of one haplotype in 3-D Maze Cave may have resulted from selective sweep favoring one haplotype over others (Amos and Harwood, 1998) or from one or more episodes of severe population bottleneck. We have no independent evidence for selection. Past population bottleneck is plausible because the population density at most sites was very low, as indicated by our having to make repeated visits just to accumulate up to ten specimens. Whatever had caused haplotype fixation at 3-D Maze Cave, the difference in haplotype diversity between the sites requires the event to have occurred at one site but not the other, and this is difficult to reconcile with the scenario that individuals from the two sites shared the same gene pool. Furthermore, although these two sites are proximate, they are separated by a small outcrop of water impermeable shale (Fig. 1 , and see discussion below) that may serve as a hydrologic barrier between them. Thus, the potential exists that these two geographic populations are two isolated demes, and the low sequence divergence between the sites suggests that isolation may have occurred recently, and possibly resulting from the same event that caused haplotype fixation in 3-D Maze Cave. Our samples sizes are low, however, and it is possible that sampling more individuals from these sites may reveal haplotypes that are shared between these sites. The northern clade consists of five sites, and individuals across all five sites shared a different combination of three of the five haplotypes, with haplotype N1 found at four sites. Although all eight individuals from George Washington Cave are fixed for haplotype N2, this haplotype is also found in Cam Tabb Well. Thus there is a high likelihood of one panmictic deme across these five sites. This scenario is supported by results from water-tracing studies that indicate the potential for one large aquifer underlying most of this area, as dye injected into the aquifer at different locations showed radial flow patterns and long travel times (summarized in Jones, 1997) .
The genetic difference among the three clades, at about 10% divergence, is less than the 16% suggested by Lefébure et al. (2006a) to warrant species designation for crustaceans. This value is also much less than the 32.9-34.9% divergence among cirolanid species reported by Wetzer (2001) . The divergence values in Wetzer (2001) were based on only marine cirolanid species, and Wägele et al. (2003) suggested that isopods in the suborder Asellota evolved faster in marine compared to freshwater habitats. Although cirolanids belong to a different suborder, Cymothoida, a similar difference in rates of evolution between species from marine and freshwater habitats may partially account for the differences in the sequence divergence values between the A. lira clades reported here and the values given in Lefébure et al. (2006a) and in Wetzer (2001) . Of course, using only COI sequence divergence data to define species boundaries is problematic, and the appropriate threshold value is dependent on the taxa and the ecological theater; for example, Paquin and Hedin (2004) used 5% divergence to distinguish species of cave-dwelling spiders. Wetzer (2001) specifically cautioned against basing molecular taxonomy of isopods on mtDNA alone because cirolanids show high among population diversity relative to other families of isopods. Furthermore, there is no morphological difference among A. lira specimens from different clades (John Holsinger, personal communication, 2007) . In other stygobiotic crustacean taxa, comparable levels of intraspecific COI sequence divergence among monophyletic groupings in the absence of significant morphological differentiation were also found in the amphipod Niphargus virei Chevereux, 1896 in Europe (Lefébure et al., 2006b ) and the shrimp Troglocaris anophthalmus (Kollar, 1848) in the western Balkan Peninsula (Zakšek et al., 2009 ). Fišer and Zagmajster (2009) suggested using divergence values from molecular data in combination with knowledge on geographic distribution to serve as starting points leading to detailed re-examination of morphological differentiation to determine taxonomic status, especially for understudied groups from extreme environments such as subterranean habitats. The focus of this study, however, was not to search for existence of cryptic species of Antrolana, but to elucidate the population structure of A. lira, and to direct future research. Our data clearly show the existence of three genetically distinct clades of A. lira, and we will discuss below the implications of our results on the management of this threatened species. We know of no other published study examining COI sequence variation within and among populations of the same species of stygobiotic cirolanids for comparison to this study. Interestingly, the two COI sequences of C. texensis obtained from Genbank used as the out-group in this study showed a 12% divergence, similar in magnitude to the among clade divergences in A. lira. We specifically chose two C. texensis sequences from two populations located far apart within its range for comparison with A. lira. The similar magnitude of sequence divergences suggests that geographic populations of C. texensis may show phylogeographic structuring similar to A. lira, although this observation is based on analysis of only two sequences. Baratti et al. (2004) compared divergences among different geographic populations of an unknown species of stygobiotic cirolanid in the genus Typhlocirolana Racovitza, 1905 with divergences among these individuals and two known species in the genus. They showed that divergence values among the geographic populations ranged from much lower, to matching or exceeding divergence values compared with known species, indicating potential cryptic taxa in some but not all of the geographic populations. Their study, however, was based on two other mitochondrial genes, 12S and 16S rDNA, and covered a much wider geographic area. Nevertheless, the emerging theme is that many isopods, whether epigean or subterranean and aquatic or terrestrial, seem to exhibit a similar pattern of significant differentiation among geographic populations and the presence of genetically discrete and geographically defined lineages (Baratti et al., 2003 (Baratti et al., , 2005 Gouws et al., 2005; Gouws and Stewart, 2007; Klossa-Kilia et al., 2006; Verovnik et al., 2004) .
The genetic structuring of the A. lira clades seems to be strongly correlated with the geographic pattern of carbonate rock outcropping in the Shenandoah Valley (Fig. 1) that indicates potential barriers to subterranean hydrologic connectivity. Sbordoni et al. (2000) , Verovnik et al. (2004) , Buhay and Crandall (2005) , Buhay et al. (2007) , Cooper et al. (2007) , and Venarsky et al. (2009) clearly documented that subterranean hydrologic connectivity strongly affected gene flow and thus population connectivity in stygobiotic species. In the geographically extensive and largely continuous karst of the Shenandoah Valley, however, such barriers are difficult to demonstrate through dye-tracing studies in phreatic water because of slow flow rate and because of uncertainty about the evolution of the aquifer. In this case, significant differentiation among populations of a stygobiont, such as the three clades of A. lira, may be partially attributed to the presence of a subterranean hydrologic barrier.
With the exception of Limekiln Cave, the southern most A. lira site, the Ordovician limestone where A. lira is found is part of the Massanutten syncline. The limestone is exposed on both sides of the syncline, and is divided into two southwest-northeast trending bands separated by the younger Martinsburg Formation in the center of the syncline (Fig. 1) . The Martinsburg Formation attains a thickness of over 1000 m and consists largely of water impermeable shales and sandstones (Rader and Evans, 1993) , and is likely an effective barrier to subterranean hydrologic connectivity between the western and southern clades across the Shenandoah Valley. Migration of individuals between the two clades would require movement across the southern tip of the exposed Martinsburg formation, across the strike of the syncline, and across steeply dipping limestone containing thin beds of shale and sandstone (Rader and Evans, 1993), a highly improbable event.
The genetic isolation between the northern and southern clades is more difficult to explain. The clades occur along the same band of limestone east of the Martinsburg Shale, and potential movement between the regions would occur along strike. The two regions are separated by a distance of 97 km, but migration across such distance by stygobiotic isopods is not unprecedented. Ketmaier et al. (2003) suggested that low levels of divergence between stenasellid isopods from Corsica and the Tuscan area of Italy could have resulted from active dispersal over about 100 km via a Quaternary land bridge. The two clades of Antrolana are separated by the Shenandoah River (the base level river in the area), and there is a narrow constriction of the exposed limestone just south of Brother Dave's Cave and Power Plant Pit, the southern most sites of the northern clade (Fig. 1) . The river is a potential but unlikely barrier to movement of an aquatic crustacean. At the constriction, the exposed limestone is about one km wide, and it may limit but not preclude migration. The area south of the constriction, near Front Royal, Virginia, is associated with a complex set of faults (Rader and Evans, 1993) . However, the displacement caused by these faults is insufficient to result in discontinuity of the limestone. On the contrary, the faults may potentially increase dissolution and facilitate migration. Isolation by distance is a possible explanation. However, with isolation by distance we would expect the northern clade to be more closely related to the southern clade than it is to the western clade, but this is not supported by phylogenetic analyses (Fig. 2) . The movement of ground water in this area is not well understood. It is possible that active migration through the region is precluded by some unknown hydrologic barrier, which may also account for the absence of A. lira for an extended distance between the two clades ( Fig. 1) in spite of intensive searching (Orndorff and Hobson, 2007;  and field work by the authors). Interestingly, Front Royal Caverns, a known A. lira site, is situated between the river and the constriction (the triangle just south of BDC and PPP in Fig. 1 ). Determining whether A. lira COI sequences from Front Royal Caverns belong in the northern or southern clade would shed light on the location of the potential subterranean hydrologic barrier. Unfortunately, we were denied access to this site for this study.
Finally, as briefly discussed above, although populations of the two sites of the western clade, Linville Quarry Cave and 3-D Maze Cave, are genetically very similar, with average divergence of 0.37%, they do not share haplotypes, and these two sites are also situated on opposite sides of a small shale outcrop (Fig. 1) which may likely be a subterranean hydrologic barrier to gene flow between the sites. Additional samples from Devils Hole adjacent to 3-D Maze (the triangle just below 3DC in Fig. 1 ) and from Massanutten Caverns on the same side as Linville Quarry Cave (the triangle to the lower right of LQC in Fig. 1 ) should provide evidence on whether this small shale outcrop is indeed a barrier to gene flow between the sites. Alternatively, sampling of more individuals from the two sites may pick up additional rare haplotypes that are shared among the sites, given that we obtained only six specimens from Linville Quarry Cave.
With the substantial genetic differences among clades relative to within clades and the geological context, the three clades may represent three separate episodes of colonization of the subterranean habitat from a common surface ancestor. The marine ancestry of stygobiotic cirolanids inhabiting continental ground water is well accepted and their origin is attributed to stranding via marine regressions. However, geological evidence supporting the stranding hypothesis for Antrolana is scarce. Concerning origins of different stygobiotic cirolanid genera, Bowman (1964) stated ''The origin of marine ancestors offers no particular problem except in the case of Antrolana.'' This is because there is no geological evidence that the southern parts of the Shenandoah Valley where the western and southern clades are located, and especially at the southern most occurrence of A. lira at Limekiln Cave, have been even near an arm of the sea since the late Pennsylvanian, about 280 million years ago, while the other genera of stygobiotic cirolanids of the western hemisphere were distributed in areas that were inundated during the late Cretaceous. Bowman (1964) suggested upstream migration via the early Potomac River (see Fig. 1 ) as an alternative. This hypothesis requires a freshwater epigean ancestor. Although cirolanids are known from interstitial hyporheic habitats (Yacoubi-Khebiza et al., 1999) , the morphology of A. lira does not suggest descent from an ancestor adapted to the interstitial (Coineau, 2000) , making upstream migration unlikely. Holsinger et al. (1994) suggested stranding is the most parsimonious explanation for the origin of A. lira, and the path of the Potomac River through the water gap at Harper's Ferry (the confluence of the Potomac and Shenandoah rivers in Fig. 1 ) was the likely location for a marine embayment to extend into the Shenandoah Valley. However, south of Harper's Ferry the elevation of the Shenandoah Valley gradually increases. Holsinger et al. (1994) thus hypothesized that stranding of A. lira occurred near Harper's Ferry, at the northern end of its current range, and the species subsequently dispersed to the southern part of the valley. They also suggested, based on marine sediments east of the valley in the Blue Ridge (Darton, 1951) , that stranding of A. lira could have occurred in the late Cretaceous or the Miocene. Geological evidence also indicate that the Harper's Ferry water gap was formed during the early to mid-Miocene, and the paleo-Potomac watershed would have drained to the west prior to this time (Naeser et al., 2001) . A Miocene event is consistent with our maximum estimated divergence time among the three clades, at 21 mya. But there is also evidence indicating that sea levels were not significantly higher during the Miocene than today (Sickels et al., 2004) . Marine embayment in or near the Shenandoah could still have occurred during this time if parts of the Appalachians had been denuded to near sea level. The relief of the paleo-Shenandoah Valley, however, is difficult to infer from geological evidence partly because of the extensive erosion that occurred in the region.
If stranding of A. lira did occur in the north only, the western and southern clades would have resulted from two separate dispersal events. This is supported by the similar levels of divergence among the three clades, and suggests that the Martinsburg formation or an overlying formation was acting as a barrier across the valley. Under this scenario, however, the western and southern clades are expected to show lowered genetic diversity relative to the northern clade. Our data, however, showed that three clades have comparable levels of genetic diversity, although our sample sizes are very low.
Alternatively, comparable levels of diversity and similar levels of divergence indicate that the three clades represent three independent, coincident colonization of the subterranean habitat. In this scenario, the three clades have remained in situ following colonization and isolation via marine regression during mid to late Miocene. However, separate colonization requires a marine embayment extending much farther south into the Shenandoah Valley than is currently supported by geological evidence. An earlier regression could have been responsible for the initial stranding event of all clades if a panmictic ancestral population had persisted in the valley afterwards. The sediment record preserved in the Boston Canyon Trough off the coast of New Jersey shows a drastic increase in sediment delivery indicative of increased erosion beginning 20 mya and peaking about 15 mya (Pazzaglia and Brandon, 1996) . If similar rates of erosion were occurring in the Shenandoah Valley, incision by the river could result in fragmentation of a once extensive phreatic aquifer, and could have fragmented a panmictic ancestral population that had persisted in the valley after marine regression.
In summary, the physical appearance of the Shenandoah Valley in the early Cenozoic and the geomorphic processes occurring at that time are not well understood. Furthermore, dissolution of limestone leaves little sedimentologic record. The range of A. lira could have once extended into regions of limestone that have since dissolved away. Similarly, areas where A. lira initially invaded subterranean waters may also have been dissolved away. The biogeographic history of A. lira is thus still an open question. Examining the phylogeographic patterns of other stygobiotic crustaceans that co-occur with A. lira should provide additional insight into this interesting question. However, at present we know of no such species that co-occur with all three clades of A. lira (Holsinger and Culver, 1988; Fong et al., 2007) .
The presence of at least three genetically distinct clades of A. lira confined to three geographic areas poses significant implications for the management and conservation of this threatened species. First, the recent discovery that the species occupies a much more extensive geographic range than was previously thought suggests that the species as a whole may be less threatened than when only a few populations were known. However, our data point to the existence of three highly divergent clades, each represented by individuals occurring in only a small number of sites that constitute one or at most two demes. One of the reasons for listing A. lira as a threatened species was because it was thought to be endemic only to Madison Saltpetre Cave and nearby Steger's Fissure. Data from this study show that populations from these two sites are genetically the same and constitute the only known deme of the southern clade. It is possible that the population existing at Blue Hole in Augusta County, VA (the triangle south of MSC/STF in Fig. 1 ), may belong in the same clade, but even so, the number of potential geographic populations in this clade only increases to three, and they may in fact constitute a single deme.
Second, the primary level of biodiversity is genetic diversity, and thus conservation and management practices applied to A. lira must address each of the three clades in a concerted effort to maintain the maximum genetic diversity and evolutionary potential for the species. Since Ryder (1986) proposed the concept of Evolutionarily Significant Unit (ESU) for conservation below the species level, there has been much debate concerning its definition and application, especially on the restrictive requirement of demonstrating adaptive variation (Moritz, 1994; Crandall et al., 2000; de Guia and Saitoh, 2007) . Nevertheless, we deem the high levels of genetic divergence and geographic and demographic isolation among the three clades of A. lira to warrant consideration of each as distinct conservation units. We suggest that the three clades be designated as Management Units (MU's) until additional studies can be conducted to demonstrate or reject their classification as ESUs. Moritz (1994) defined MU's as ''… populations with significant divergence of allele frequencies at nuclear or mitochondrial loci …'' Under this definition, MU's can be delineated with statistical rejection of panmixia between populations. Lack of panmixia among the three clades is clear from our results. Thus, although the geographic range and the number of site occurrences of A. lira have increased since its listing as a threatened species, there is a need to manage the species as three different geographic units in order to conserve the overall genetic diversity across the three clades.
Land use patterns are changing rapidly in the Shenandoah Valley, especially in parts of Jefferson County, WV, at the northern edge of the range of A. lira where intense housing development is occurring, and may pose an imminent threat to the northern clade. The federally endangered Lee County Isopod, the asellid Lirceus usdagalun Holsnger and Bowman, 1973 , provides a clear example of how surface activities can adversely impact narrowly endemic populations of stygobionts. Contamination by sawdust from an adjacent saw mill and subsequent anoxification of ground water caused near-extirpation of the species from one of only four known locations (Culver et al., 1992) . Simon and Buikema (1997) documented the effects of organic pollution on the macroinvertebrates, including a stygobiotic asellid isopod, in a cave in the Shenandoah Valley. In addition, the northern clade includes localities in West Virginia and Virginia. Management efforts to conserve the northern clade will require cooperation between agencies from not only different municipalities but the two states. In other words, our results indicate that A. lira is just as unique, and may be even more threatened, than when it was first listed.
Although we were unable to obtain specimens from all known locations of A. lira for DNA analysis, most of the un-sampled populations are situated proximate to sampled populations and thus are expected to belong to the same respective clades. However, two locations warrant special attention. The first is Limekiln Cave, the southernmost known location, where only one specimen was ever found by one of us (DWF). This location is geographically distant from other locations, and unlike all other locations, is situated in the James River drainage rather than the Shenandoah River drainage (Fig. 1) . We are currently conducting more field work in this geographic area. Sampling here may reveal additional populations belonging to a fourth clade. The second is Front Royal Caverns. As discussed above, this location is geographically near Brother Dave's Cave and Power Plant Pit, both belonging to the northern clade, but is situated on the opposite side of the Shenandoah River. Whether this population is part of the northern clade, or part of the southern clade in common with the geographically distant Madison Saltpetre Cave population, will have significant implications on the origin of populations in the southern clade.
